Introduction
In the process of production of polymeric materials and using them in technological operations of printing, packaging, etc., various mechanical defects often take place: tears, holes, cuts, segregation of separate layers of multi-layered materials, etc. Also, the polymeric films themselves may be of non-uniform density, their thickness in the direction of the width of the tape may differ. Such mechanical and structural defects take place when the parameters of the process of extrusion are incorrectly chosen during the production (inflation) of the polymeric film. Those defects directly deteriorate the final quality of the product (package, published material, label or bag). This problem is especially important for thin mono-layered and multi-layered polymeric films, which during the technological operations and exploitation are exposed to high pressures, extensions, varying temperatures and vibrations [1] [2] [3] .
Current market requirements among the producers of polymeric packages are increasing. Thus, the requirements for mechanical, thermomechanical, qualitative and other parameters became higher. Quality of production processes of packages to a large amount depends on qualitative parameters of the polygraphic materials (polymeric films) [4, 5] .
Detection of the defects in polymer films by non-destructive methods is of great interest [6] [7] [8] [9] . Systems capable to detect defects are used in the laboratories, on the production lines and on the final product inspection stations.
Visual measurement is introduced into manufacturing process of polymeric film for defect inspection, alignment, positioning and possible stoppage of the process due to the defect detection. Commonly, the methods of visual measurement are subject to variable illumination and surface states, the method of projection moiré is recommended because of reliability, simplicity and abundant information about it [10] [11] [12] . It should be admitted that such optical methods are not developed sufficiently for identification of the qualitative parameters of polymeric films.
Thus, the aim of this work is to expand the possibilities of non-destructive identification of defects of polymeric films using the method of projection moiré.
In the paper smoothness of fringes by using the method of time averaged geometric moiré is investigated. On the basis of a one dimensional model graphical relationships for linear variation with respect to longitudinal coordinate of amplitude of vibrations are obtained. They provide the background for the choice of the required number of images in a period of oscillations for different smoothnesses of moiré fringes.
This paper continues the analysis of time averaged moiré techniques presented in [13] . Similar problems are analyzed in [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and in a number of other related papers.
Experimental setup and method of investigation using the method of projection moiré
To determine the dynamical characteristics of polymeric films with and without defects (holes and cuts) for symmetric and un-symmetric loading of the tape the special setup for projection moiré experimental investigations was used.
The experimental setup consists of the vibration generator G3-111, amplifier LV-103, vibro-exciter VEB Robotron Messelektronik 11076, investigated polymeric film, digital image camera Edmund Optics EO-1312C USB Camera, personal computer, ink printer HP Deskjet 920c and the optical setup of the projection moiré.
In case of symmetric loading of polymeric film, the load was distributed symmetrically with respect to the centre line of the tape of the polymeric film by loading both of its sides with the equal load. Meanwhile for un-symmetrical loading the load at the left side of the polymeric film was bigger than at the right side. In the experiment projection moiré was implemented by projecting thin parallel lines of high contrast with light ray's incident to the surface of the vibrating polymeric film.
In the process of investigation sinusoidal longitudinal vibrations of the chosen frequency were generated in the setup for analysis of vibrations that generated eigenmodes in the polymeric film.
The ends of the investigated sheet of polymeric film were fastened between pressing tapes. One of the pressing tapes was fastened to the exciter of vibrations while the other pressing tape was loaded symmetrically by the force of 25.5 N. In case of un-symmetrical loading the force at the left side was 22.5 N and at the right side was 27.5 N. Vibroexciter was generating longitudinal vibrations of sinusoidal shape of chosen frequency, which excited eigenmodes in the analysed polymeric film. For the visualization of modes of propagating waves, the method of projection moiré was used. The grid of thin parallel lines of high contrast of specially chosen step was projected at a definite angle to the surface of the investigated material. In this method, the eigenmodes were photographed by a digital camera and then processed in the monitor of a personal computer.
In the experimental tests, samples of polymeric film and multi-layered material of rectangular geometrical shape (0.2 × 0.05 m) were produced. The views of defects of the polymeric films are presented in Fig. 1 .
For the study of defects, the following polymeric films were chosen: HDPE, PP, as well as multilayered material PET+LDPE. Main characteristics of the materials are presented in Table 1 . The tests were carried out at the temperature 22° C and air humidity 50 ± 2 %. 
Experimental results by using the method of projection moiré
The dynamical characteristics of polymeric film PP with and without defects under symmetric loading were acquired by using a projection moiré experimental setup. The images of the first and second eigenmodes without defects ( Fig. 2(a) and Fig. 2(c) ) and the images of the eigenmodes of the tape of polymeric film with defects ( Fig. 2(b) and Fig. 2(d) ) are shown for comparison.
As can be seen from Fig. 2 by exciting the polymeric film PP (without defects) by periodic longitudinal vibrations of sinusoidal shape the images of eigenmodes obtained by using the method of projection moiré are sharp and clear with definite contours. When there is a cut located in the centre of the polymeric material, the images of eigenmodes are not so clear (Fig. 2(b) and Fig. 2(d) ) and it is more difficult to determine the number of the eigenmode from the obtained image. For those defects, supplementary moiré clouds are observed, they sometimes may be considered as a number of a lower or higher eigenmode. By comparing the moiré clouds occurring in Fig. 2(a) and Fig. 2(c) one can note that the image of the first eigenmode ( Fig. 2(a) ) consists of one sharp moiré cloud and in Fig. 2(c) one can count already two moiré clouds. In this case in order to identify the number of the eigenmode it is insufficient to have the moiré images only. One is to have in mind the frequency of vibrations and their amplitude. When analysing the changes of frequency and amplitude in the polymeric material PP without defects with the change of the number of the eigenmode one can note that for higher numbers of eigenmodes the frequency of vibrations increases and the amplitude becomes a little smaller (compare Fig. 2(a) and Fig. 2 Fig. 2(a) and Fig. 2(b In the case of un-symmetric loading the polymeric film performs vibrations of more unstable character than under symmetric loading (see Fig. 3 ). The moiré clouds are more scattered in the images of eigenmodes, also there are more unstable ranges of frequencies. Thus, un-even motion due to un-symmetric tension of polymeric film in the printing machine and other defects can be assessed knowing that the shape of the eigenmodes and the amplitude and frequency of vibrations change due to the occurrence of defects. 
Investigation of smoothness of fringes in time averaged moiré measurements of vibrations

Investigation of the time averaged measurement of vibrations for smooth fringes
This investigation is based on the use of the one dimensional model. Intensity of the time averaged image is represented as:
where ̅ is the intensity of the time averaged image, is a number of images used for averaging, determines the width of moiré lines, is the coordinate of a point of a one dimensional structure in the status of equilibrium, is the displacement and it is assumed that:
where is a constant. In the presented investigations parameters have the values: = 0.8 and = 0.1. ̅ when = 16 is graphically shown in Fig. 4 . ̅ when = 32 is graphically shown in Fig. 5 . ̅ when = 64 is graphically shown in Fig. 6 .
From the presented results it is seen that 64 images are required for averaging in this problem. The envelope function has the form:
where is the zero order Bessel function of the first kind. 
Investigation of the time averaged measurement of vibrations for stepwise fringes
Intensity of the time averaged image is represented as:
where ̅ is the intensity of the time averaged image and:
̅ when = 16 is graphically shown in Fig. 7 . ̅ when = 32 is graphically shown in Fig. 8 . ̅ when = 64 is graphically shown in Fig. 9 . ̅ when = 128 is graphically shown in Fig. 10 . ̅ when = 256 is graphically shown in Fig. 11 . ̅ when = 512 is graphically shown in Fig. 12 . ̅ when = 1024 is graphically shown in Fig. 13 .
From the presented results, it is seen that much higher number of images is required for averaging in this problem with stepwise variation of intensity than for the previous problem.
The envelope function has the form: where is the rectangular zero order Bessel function of the first kind. From the presented graphical relationships it is seen that qualities of the rectangular zero order Bessel function of the first kind are similar to the conventional zero order Bessel function of the first kind. This one dimensional model of geometric moiré with linear variation with respect to longitudinal coordinate of amplitude of vibrations is useful for investigations of moiré techniques because it provides convenient graphical representations. But the obtained results can be generalized for two dimensional models, for more complicated variations of amplitude of vibrations and for projection moiré. All authors declare that all of them have made contributions to the paper. So, contributions of all coauthors are acknowledged.
Conclusions
Experimental investigations of thin polymeric films under symmetric and un-symmetric loading have been carried out for problems when the material is non-defected and is with defects. The shapes of eigenmodes and surface defects are established using the method of projection moiré. It was determined that depending on the type of defect in the polymeric film the frequency of vibrations decreases and the amplitude increases. The obtained findings can be used to develop a database that has the ability to compare the vibration modes of non-defected and defected polymeric films for qualitative manufacturing and printing of packaging.
Smoothness of fringes by using the method of time averaged geometric moiré is investigated. On the basis of a one dimensional model graphical relationships for linear variation with respect to longitudinal coordinate of amplitude of vibrations are obtained. They provide the background for the choice of the required number of images in a period of oscillations for different smoothnesses of moiré fringes.
From the presented results, it is seen that much higher number of images is required for averaging in the problem with stepwise variation of intensity than for the problem with smooth variation of intensity.
The envelope function is investigated for both problems. For the problem with stepwise variation of intensity the rectangular zero order Bessel function of the first kind is introduced. From the presented graphical relationships, it is seen that qualities of the rectangular zero order Bessel function of the first kind are similar to the conventional zero order Bessel function of the first kind.
Experimental investigations indicate that for grayscale gratings with smooth variation of intensity it is easier to obtain time averaged projection moiré images of acceptable quality, than for black and white (not grayscale) gratings. The same conclusion holds when there are high frequency disturbances (external noise) acting to the experimental setup. Thus, on the basis of experimental investigations grayscale gratings with smooth variation of intensity are recommended for projection moiré.
The obtained results are used for the analysis and measurement of vibrations of mechanical devices, especially when high precision is required.
